Analytical methods to determine electrochemical factors in electrotaxis setups and their implications for experimental design  by Schopf, Anika et al.
Bioelectrochemistry 109 (2016) 41–48
Contents lists available at ScienceDirect
Bioelectrochemistry
j ourna l homepage: www.e lsev ie r .com/ locate /b ioe lechemAnalytical methods to determine electrochemical factors in electrotaxis
setups and their implications for experimental designAnika Schopf a,c, Christian Boehler a,b,c, Maria Asplund a,b,c,⁎
a BrainLinks-BrainTools Cluster of Excellence, University of Freiburg, Georges-Koehler Allee 079, 79110 Freiburg, Germany
b Freiburg Institute for Advanced Studies (FRIAS), University of Albert Strasse Freiburg, AlbertStrasse 19, 79104 Freiburg, Germany
c Biomedical Microtechnology, Institute for Microsystems Technology (IMTEK), University of Freiburg, Georges-Koehler Allee 102, 79110 Freiburg, GermanyAbbreviations: Ag:AgCl, silver:silver–chloride;
polydimethylsiloxane; PMMA, poly(methyl methacrylate
Na2EDTA, di-sodium-ethylenediaminetetraacetic acid; P
MTT, thiazol-blue-tetrazolin-bromide salt; KNO3, potassiu
⁎ Corresponding author at: BMT / IMTEK, Georges-Kö
Germany.
E-mail addresses: anika.schopf@imtek.uni-freiburg.de
christian.boehler@imtek.de (C. Boehler), maria.asplund@i
http://dx.doi.org/10.1016/j.bioelechem.2015.12.007
1567-5394/© 2016 The Authors. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oArticle history:
Received 24 June 2015
Received in revised form 18 December 2015
Accepted 29 December 2015
Available online 30 December 2015Direct current (DC) stimulation can be used to inﬂuence the orientation and migratory behavior of cells and re-
sults in cellular electrotaxis. Experimental work on such phenomena commonly relies on electrochemical disso-
lution of silver:silver–chloride (Ag:AgCl) electrodes to provide the stimulation via salt bridges. The strong ionic
ﬂow can be expected to inﬂuence the cell culture environment. In order to shed more light on which effects
that must be considered, and possibly counter balanced, we here characterize a typical DC stimulation system.
Silvermigration speed was determined by stripping voltammetry. pH variabilitywith stimulation wasmeasured
by ratiometric image analysis and conductivity alterations were quantiﬁed via two electrode impedance spec-
troscopy. It could be concluded that pH shifts towardsmore acidic values, in a linearmannerwith applied charge,
after the buffering capability of the culturemedium is exceeded. In contrast, the inﬂuence on conductivity was of
negligiblemagnitude. Silver ions could enter the culture chamber at low concentrations long before a clear effect
on the viability of the cultured cells could be observed. A design rule of 1 cm salt bridge per C of stimulation
charge transferred was however sufﬁcient to ensure separation between cells and silver at all times.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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pH1. Introduction
Electrotaxis, or galvanotaxis, can be deﬁned as the directional
movement of cells in response to an electric ﬁeld. Such migration is
a known behavior for a variety of cells. Endogenous electric ﬁelds
occur in the embryo to guide migration and are furthermore impor-
tant for keratinocyte and ﬁbroblast migration during wound healing
[1–6]. It is theorized that electrotactic behavior can be partially respon-
sible for cancer cell migration and metastasis [6–11]. In addition, elec-
tric ﬁelds can be important for guiding neural regeneration after
injury as well as for tissue engineering applications [12,13]. In summa-
ry, studies of cellular response to electric ﬁelds are of interest for a wide
variety of physiological processes. The opportunity to control cellular
migration over a surface could potentially also prove useful for a multi-
tude of biotechnological devices in the future.DC, direct current; PDMS,
); RDE, rotating disk electrode;
BS, phosphate buffered saline;
m nitrate.
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. This is an open access article underMost experimental work within this ﬁeld is performed in cell cul-
ture models. The standard experimental setup is based on Ag:AgCl
electrodes connected to a cell culture chamber via salt bridges. An ap-
plied voltage onsets electrochemical dissolution of the Ag:AgCl leading
to ionic current in the culture medium. Ionic silver is prevented from
entering the culture chamber by ensuring the salt bridges are of sufﬁ-
cient length.
There are various protocols described in literature on how to as-
semble experimental systems such as the one described above. Com-
mon practice was for long time to use a culture dish with two glass
slides sealed to the bottom. A narrow slot conﬁned by the two slides
deﬁned the culture chamber [14]. More recently, commercial cell
culture chambers have been introduced (Ibidi products), which ensures
reproducible chamber geometry and facilitates handling. Although the
latter is an improvement to the culture dishes, the overall experiment
still does not fully meet the requirements on reliability, reproducibility
and efﬁciency that are essential for rapid progress within the ﬁeld. As a
result, the theoretical understanding of why, and under which condi-
tions, cells perform electrotaxis is still incomplete [15]. In a recent crit-
ical review Cortese et al. underlines the stressing need for improved
experimental methodologies and in particular standardization of de-
vices and protocols [16].
A handful of recent studies describes chip-based designs for cell cul-
ture electrotaxis [17–25]. Microsystems for cell culture applications arethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Schematic 1. The electrotaxis assembly used for pHmeasurements aswell as conductivity
measurements. The PDMS gasket is press ﬁt into the PMMA lid and sandwiched on top of a
cover slip. The gasket thus comprises the walls of the DC chamber, the PMMA the top and
the cover slip the bottom. Estimated chamber height is 200 μm.
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ticated chip based tools are described in the literature. Microﬂuidic sys-
tems make it possible to manipulate fractions of cell populations
growing on the same chip, exposing them to different electrical ﬁelds
and/or pharmacological treatments. Using integrated microsensors ex-
perimental parameters such as pH and temperature can be monitored.
Sophisticated chip-based solutions exploiting the many possibilities of-
fered by the microﬂuidic environment thus have the power to increase
throughput and control without sacriﬁcing precision. Nevertheless,
miniaturization also introduces new considerations and constraints on
the experiment. This stresses the need for a thorough investigation of
the electrochemistry of the standard experiment. Such information is
useful both for establishing design rules for microﬂuidic design and to
interpret data from experiments in more traditional setups.
This paper reports on a series of experiments aimed at: 1) quantify-
ing the effect of the ionic exchange on conductivity; 2) monitoring pH
over the time course of an experiment; 3) characterizing the ﬂow of
ionic silver in salt bridges and 4) studying if there is any negative effect
on cell viability and proliferation by medium exposed to the DC ﬁeld
stimulation system. The rationales for studying each of these are
outlined in the following sections.
Understanding how stimulation alters conductivity (κ) and pH is es-
sential for reproducibility of experiments. It is common practice to use
systems were the current (I) through the chamber is measured as a
proxy for the electrical ﬁeld (E) according to E = I/κS. This assumes
that cross section (S) can be precisely determined and that conductivity
is constant. In contrast to this, the ionic content of the medium is sub-
stantially altered since the species actively driven into the channel
might differ from the ions leaving, which in turn can be expected to
lead to variations also in its conductivity. Furthermore, ionic exchange
can be expected to cause alterations in pHwhich is known to be a highly
inﬂuential factor on electrotactic behavior. E.g. Allen et al. report that a
shift from pH 6.2 to 5.8 completely canceled out the directional effect
in keratocytes [15].
The use of excessively long agar bridgeswill limit the possibilities for
integration of full systems on chip. It is therefore highly desirable to
identifymethods allowing for empirical evaluations of the actualmigra-
tion speed. Furthermore, to investigate to which extent any of the
above-mentioned electrochemical side effects might inﬂuence cell via-
bility, cytotoxicity assays were performed as a complement.
We here provide data that can serve as basis in the design of future
microﬂuidic electrotaxis systems and facilitate the transition from the
previous handmade versions to their microsystems engineered coun-
terparts. Furthermore, for the performance of electrotaxis in general, it
is essential that such parameters are considered to ensure a reproducible
outcome.
2. Materials and methods
2.1. Electrodes
DC stimulation was provided by a pair of Ag:AgCl disk electrodes
(12 mm in diameter, Science Products E-244) connected to a voltage
source (TTi PL303QMDMD-P). For voltammetry, requiring a three elec-
trode system, a platinum wire was used as counter electrode and an
Ag:AgCl reference electrode was purchased from World Precision In-
struments. This particular version hasminimal leakage of ﬁlling solution
and can therefore be assumed not to contribute additional Ag+ to the
sample (Prod no. Flex-Ref, leak rate b 0.057 ∗ 10−8 nl/h).
2.2. Agar bridges
All salt bridges in this study were produced using agarose according
to the following: a silicone hose, 3 mm in diameter (Versilic® Carl Roth
HC63.2), was cut to the desired length. Agarose (Sigma Aldrich A9539)
was dissolved in phosphate buffered saline (PBS) at a concentrationof 20 mg/ml by microwave heating. The agarose container was care-
fully weighed before heating and any evaporation was compensated
by adding warm deionized water (MilliQ, 18.2 MΩ cm) to the solu-
tion. The silicone tubes were ﬁlled with the liquid agarose and
allowed to cool. Agar bridges were stored in PBS to prevent them
from drying. Their impedances were routinely measured and found
to be 1.21 kΩ/cm ± 0.05.
2.3. Electrotaxis chambers
Several types of setups were fabricated in-house to serve as experi-
mental platforms for the measurements. All were based on the general
principles described in the paper by Song et al. [14]. The container for
the anodic/cathodic Ag:AgCl electrode will be referred to as vial A/C
throughout this paper and the cell chamber will be referred to as the
DC-chamber.
For conductivity and pHmeasurements a DC chamber similar to the
one presented by Sato et al. was constructed (Schematic 1) [21]. In brief,
the chamber was conﬁned by a polydimethylsiloxane (PDMS) gasket
sandwiched between a poly(methyl methacrylate) (PMMA) lid and a
standard microscopy glass slide. A groove was milled into the lid in
order to support the gasket. Estimated height of the compressed cham-
ber is 0.2mm. Furthermore, a second PMMA lidwith holders for the salt
bridges was fabricated. The complete system was compressed between
an aluminum frame (top), and a base holder, using screws. Agar bridges
used for this system were 7.5 cm in length.
For the cytotoxicity studies, a chamber was milled into a solid block
of polypropylene (Schematic 2a). The simple system allowed for the ex-
posure of cell culture medium to DC stimulation under sterile condi-
tions. In short, two agar bridges, 5 cm in length, connected vials A and
C via the DC stimulation chamber containing 1 ml of cell culture medi-
um. Vials A and C contained 2 ml of medium each.
For silver detection, a special container was constructed to allow
for rotating disk electrode (RDE) voltammetry within the restricted
volume of the DC chamber (Schematic 2b). The RDE was immersed
in the DC chamber from top (Schematic 2b) via a cylindrical con-
struction enclosing the shaft. This formed a tight seal to the body of
the RDE without restricting the free rotation. Vials A and C, both
Schematic 2. a) The electrotaxis chamber used for the cytotoxicity experiments. Three
compartments were milled into a solid piece of polypropylene. Agar bridges were
threaded between vial A and the DC chamber and from the DC chamber into vial C. b) A
cross section on the setup used for silver RDE voltammetry. The RDE shaft is completely
enclosed by a cylindrical holder connected to the DC chamber. Thus the shaft can still
freely rotate. A Teﬂon hose for nitrogen purging, as well as a reference electrode, is
inserted into the DC chamber although not shown in ﬁgure.
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5 or 7.5 cm long agar bridges.
2.4. Electronics
Current and voltage were continuously monitored using separate
multimeters (Agilent 34410A and 34405A) and automatically logged
every 10 s using an Excel sheet communicating with the multimeter
via the Agilent IO Library Interface software.
2.5. Silver detection
The DC chamber was ﬁlled with a mixture of PBS (2 ml) and volt-
ammetry supporting electrolyte (4 ml), the latter composed of di-
sodium-ethylenediaminetetraacetic acid (Na2EDTA) and potassium
nitrate (KNO3) at a concentration of 0.004 M and 0.2 M respectively
in deionized water (Sigma Aldrich no. 221,295 and 221,295). Silver
ions were detected using a stripping voltammetry method as de-
scribed by Pribil et al. [26]. A rotating disk working electrode (glassy
carbon, 3 mm in diameter) was immersed in the DC chamber
(Schematic 2b) and driven at 2000 rpm. In short: An activation step
with polarization of 0.45 V over 1 min was followed by a deposition
step at−0.4 V for 120 s and ﬁnally a stripping scan from 0 to 0.45 V at0.04 V/s. Stripping analysis was performed after 1 h and then at
30 min time intervals. The tightly closed DC chamber was purged
with nitrogen for 15 min before measurements. During the volt-
ammetry measurement DC voltage was switched off, not to interfere
with the signal, and was immediately switched on again after mea-
surement. Accumulation of silver in the solution could be followed
over time at high precision. A concentration series was prepared
from silver atomic spectroscopy standard concentrate (Sigma Al-
drich prod no. 02688-1EA) and measured as reference. Concentra-
tions could be determined by peak integration using the automatic
peak-ﬁtting function of the Nova software (Metrohm). Peak area
was found to be a reliable estimate of concentration down to 15 μg/l.
Detection was possible down to the concentration of 2 μg/l (Fig. 1).
2.6. Cytotoxicity of stimulation
2.6.1. General cell culture
The rat prostate cancer cell line, Mat-LyLu, known to display strong
electrotactic behavior, was cultured in medium previously exposed to
DC stimulation. Cells were routinely cultured in standard culture ﬂasks
(BectonDickinson, 70ml, 25 cm2 vented) and RPMI-1640 growthmedi-
um with the addition of Fetal Bovine Serum/Penicillin Streptomycin at
5/1%, all from Sigma Aldrich (prod nr. R8758/F0804/P4333). The medi-
um was exchanged every 2–3 days. Subcultivation was performed at
conﬂuency, 1–2 times per week, using enzymatic treatment with
TrypsinEDTA (Sigma Aldrich T3924), and at least twice after defrosting.
Prior to experiments, cells were transferred to 96 well culture plates, at
concentrations 1000/2000 and 5000 cells per well, with three replicates
of each concentration. The seeded cells were allowed to set for an addi-
tional 24 h prior to experiments.
2.6.2. Sample preparation
All components (polypropylene chamber, silicone hose, disk elec-
trodes) were heat sterilized (Heraeus Tuttnauer 2540EL, 121 °C for
20 min at 2 bar). The liquid program was used for the agarose. The ex-
periment was assembled under sterile conditions, enclosed in a box
and tightly sealed. After mounting, DC was switched on and the total
charge passed through the system was monitored. After reaching the
target charge (20–80 C), the medium was collected and transferred to
the 96 well microplates at 100 μl per well. Samples were distributed
over nine wells, three for each cell concentration. To rule out any detri-
mental effect from thematerials used in the setup control samples, with
mediumpassively exposed (no DC applied) over 24 h,were produced in
addition and included in the test.
2.6.3. Viability assay
The procedure followed the general guidelines of the ISO10993 elu-
tion test. The medium in each culture well was aspirated and replaced
by 100 μl of the DC treated medium. Cells were cultured in the treated
medium for 24 h before the viability assay was performed. Thiazol-
blue-tetrazolin-bromide salt (MTT) was used to estimate the number
of viable cells in each well. In short, a stock solution of MTT (Sigma Al-
drich prod nr. M5655) was prepared in PBS at a concentration of
5 mg/ml and ﬁltered through a 0.2 μm syringe ﬁlter. After 24 h, 10 μl
of the stock solution was added to each culture well and the plate was
incubated for another 4 h. Themedium in eachwell was then complete-
ly removed and 50 μl dimethyl sulfoxide per well added and mixed
thoroughly by pipetting. The plate was incubated for a further 10 min
using a ThermoShaker at 37 °C and 600 rpm.
Absorbance at 540 nm was measured using a standard plate reader
(Enspire, PerkinElmer) and was put in relation to negative control
wells on the same plate cultured with untreated medium. For each
set, the average absorbancewas calculated andwas divided by the aver-
aged absorbance for the control wells with the same initial cell concen-
tration. The ratio represents the proportion of viable cells in sample
wells in comparison to untreated controls. At few occasions 1–2 control
Fig. 1. Distinct stripping peaks for silver can be seen even down to the concentration of 2 μg/l (a). Peak area is however only a reliable estimate of concentration down to 15 μg/l (b).
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these cases, this particular well was excluded from the analysis.
2.7. Conductivity and ﬁeld measurement
Conductivity measurements were performed using the PMMA/
PDMS/glass chamber. A foil microelectrode array, produced by a stan-
dard photolithography wafer lift-off process reported elsewhere [27],
was slid into the chamber under the silicone gasket. The electrode is
composed of three layers: a polyimide 5 μm bottom layer; a platinum
layer with patterned electrodes and connection lines; and a 5 μm poly-
imide insulating top layer with vias to electrodes and contact pads, all
according to the layout in Schematic 3a. The foil sensor was placed be-
tween the silicone gasket and the glass so that the four electrodes resi-
ded within the channel (Schematic 3b). Conductivity was measured by
two electrode impedance spectroscopy and subsequent ﬁtting with an
R, L, CPE equivalent circuit. L represents the inductive inﬂuence of the
cables and the constant phase element (CPE) models the non-ideal ca-
pacitive behavior of the interface. The resistance R is inversely propor-
tional to the conductivity of the medium [28]. The cell constant wasSchematic 3. Conductivity (κ) measurements are enabled by using a polyimide foil sensor
(a) slid under the PDMS gasket of the cell culture chamber as shown in (b). κ is measured
by two electrode impedance spectroscopy and ﬁtting to an equivalent circuit.determined by a seven point calibration curve measured in potassium
chloride based standard solutions prior to the actual measurements
and ﬁtting with a linear approximation (intercept 14 and slope−0.49
and standard deviations 0.50 and 0.036 respectively) in the range 10–
17 mS/cm. Measurements were collected every 30 min until approxi-
mately 20 C of charge had passed. DC stimulation was switched off
two minutes prior to and during all measurements to allow the signal
to stabilize. The diffusional current that occurs immediately after
switching off the voltage source does otherwise interfere with themea-
surement. Measurements were performed at ambient temperature of
approximately 22 °C and care was taken to allow the solution to equili-
brate at room temperature before starting the experiment.
2.8. pH
2.8.1. Setup
Using the PMMA chamber (Schematic 1), pH distribution over the
surface, as a consequence of DC stimulation, was monitored over time.Schematic 4. Setup used for the pH measurements: The VisiSens foil was pasted onto a
standard cover slip and the system was mounted as previously described. The foil thus
comprises the bottom of the DC chamber. The camera monitored the foil from
underneath and through the cover slip. A micro-manipulator was used to position the
camera so that different parts of the DC chamber could be visualized with accurate
repositioning. The complete setup was enclosed in a dark box to exclude the inﬂuence
of ambient light (not shown). The complete system, including agar bridges and driving
electrodes, were all assembled within the dark box.
Fig. 2. Accumulation of silver in the center compartment as function of applied charge. ■,
●, and▲ in blue show results when 5 cmagar bridges were used,□,○, andΔ in redwhen
7.5 cm agar bridges were used. The stripping voltammetry method used allows for
quantiﬁcation down to 15 μg/l although silver peaks are detectable down to 2μg/l.
Therefore, the ﬁrst data point where there was indication of a peak has been marked
with an arrow for each data set.
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slide prior to mounting the lid (Schematic 4). pH could be measured
by monitoring ﬂuorescent signals on the foil surface using a ﬂuores-
cence ratiometric imaging camera (PreSens, VisiSens A1) imaging the
backside of the foil through the glass. The collected images were ana-
lyzed using the VisiSens AnalytiCal 1 software, and images could there-
by be translated to pH values by ﬁtting to a calibration curve. Similar
methods have previously been applied for analyzing pH dynamics in
plants [29]. The setup was enclosed in a dark box and the DC chamber
was mounted on a micromanipulator stage allowing it to be precisely
positioned with regards to the camera head.
2.8.2. Calibration
The system was calibrated prior to each measurement series by
ﬁlling the channel with buffer solutions in the range 6.60–7.60.
Every buffer was allowed to equilibrate with the foil for 10 min be-
fore measurement. Following each measurement series an addition-
al calibration round was performed to account for any bleaching
effects of the foil ﬂuorescence. This procedure is described in detail
elsewhere [30].
2.8.3. Measurement
Immediately following calibration, the chamber was ﬁlled with cell
culture medium or PBS. Culture medium without phenol red was used
in order to eliminate colorimetric interference with the measurement.
After 15min of equilibration time within the channel the ﬁrst pH imag-
ing measurement was performed. A stimulation voltage of 30 V was
used to drive a current ﬂow in the range of 0.9 mA. Images were cap-
tured every 15th minute over the time course of 4 h. Ratios were trans-
lated to pH by a least square ﬁt of a second degree polynomial to the
calibration curve.
3. Results
A series of experiments were performed in order to outline possible
variations in a cell culturemicroenvironment as a consequence of direct
current stimulationwith an Ag:AgCl based system.Measurements were
undertaken speciﬁcally to characterize silvermigration, pH and conduc-
tivity changes in the system as a function of applied charge. A stimula-
tion chamber constructed from PMMA and PDMS was used as basic
measurement system.
To evaluate the reproducibility of agar bridges, the ohmic resistance
of a set of 9 agar bridges (lengths 2.5|5|7.5 cm, three of each)wasmea-
sured by connecting the Ag:AgCl electrodes at 5 V directly over an agar
bridge andmonitoring the current. The contribution of the voltage drop
over the electrodes themselves was considered to be of negligible mag-
nitude in this case. Impedance was found to lie in the range of 1.21 ±
0.05 kΩ/cm. The agar bridges were stored in PBS at room temperature
over one month before repeating the measurement. After storage the
resistivity was found to be 1.21± 0.04 kΩ/cm and it was therefore con-
cluded that storage in PBS did not have a signiﬁcant inﬂuence on the
agar matrix.
It should be noted that, although the driving voltage was constant
throughout experiments, the current over the time course of the mea-
surement varies as a consequence of dissolution of the Ag:AgCl elec-
trodes. Corrosion leads to a roughening of the surface which in turn
enlarges the electrochemical surface area and thereby lowers the im-
pedance. It was also found that different fabrication batches of Ag:AgCl
electrodes varied substantially in their dissolution dynamics. Therefore
there is no 1:1 correlation between time and charge for any of the sys-
tems and it is thus important to keep track of the current proﬁle over
time in each experiment. The average current over the ﬁrst 30 min
when using the PMMA-chamber at 30 V was 0.10 mA ± 0.12. After
the ﬁrst 4 h the value had dropped from the initial value in the range
of 0–18%.3.1. Silver migration
With the stripping voltammetry method it was possible to follow
the accumulation of silver with respect to the charge driven through
the system. Average current ﬂow over the ﬁrst 30 min was here
2.3 mA ± 0.043. It should be noted that the silver peak is detectable
down to the concentration of 2 μg/l, but peak area integration can only
be taken as a reliable estimate of concentration when higher than
15 μg/l. The dependence of silver concentration in the sample versus
the charge passed through the system is shown in Fig. 2. In parallel to
the peak detection and integration, the full peaks were also studied
and the arrow for each line shows where the ﬁrst peak was clearly de-
tectable. It can be seen that after the ﬁrst appearance of the peak
(which can be assumed to represent a concentration of approximately
2 μg/l) it takes further ~5 C before there is a stable linear increase of
the concentration. This can be interpreted both as a failure of themeth-
od to monitor the increase for the initial low concentrations but could
also mean that increase is not yet linear in the beginning. While for
the shorter agar bridges (5 cm) the ﬁrst peak emerged between 6 and
10 C, it was delayed for the longer bridges (7.5 cm) to lie in the range
of 17–20 C. If no stimulation was applied it took approximately 18 h
for the ﬁrst silver peak to emerge when using the 7.5 cm long agar
bridge. Since none of the actively driven experiments exceeded 6 h du-
ration (on average 4 h and 44 min), the passive diffusion through the
bridge was not further considered.
3.2. Cytotoxicity
As can be seen from Fig. 3(a–c), for each of the three different cell
concentrations, the culture medium treated with DC current had a sig-
niﬁcant inﬂuence on proliferation and viability of the cells and the tox-
icity showed a strong dependence on the charge that was passed
through the system. No clear negative effect could be seen during the
passage of the ﬁrst 30 C but after this point the decrease in number of
viable cells was close to linear with charge. No viable cells could be
found in the cultures when the stimulation exceeded 80 C.
3.3. pH
pH was monitored using a ﬂuorescent foil and ratiometric image
analysis in PBS (Fig. 4a) and in culture medium (Fig. 4b). In PBS it can
clearly be seen that there is a shift to more acidic pH over time as a
Fig. 3. Survival ration for cells exposed to DC treated medium in comparison to negative controls cultured in untreated cell culture medium. The ratio is calculated by comparing the
540 nm absorbance for each data set to the absorbance of control wells.
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for the ﬁrst 3–5 C, a downwards trend in pH is seen which is inversely
proportional to the applied charge. In the second measurement set, per-
formed in cell culturemedium (Fig. 4b), the dynamicswasmarkedly dif-
ferent. The pH ﬁrst increased substantially, i.e. opposite to the effect seen
in PBS, but after a certain point turned towardsmore acidic values. This is
expected given that culturemedium exposed to an ambient atmosphere
(not 5% carbon dioxide controlled) will turn to more basic pH. This is
conﬁrmed by the measurement shown in Fig. 4c where no stimulation
is applied. It is only when this effect diminishes that the signal is domi-
nated by the effect of the DC stimulation. As a ﬁgure of merit, for the
inﬂuence of the time factor on the pH increase of culturemedium in am-
bient atmosphere, the time scale in the active measurement is approxi-
mately 19 min per C. The full measurement took 8 h. Thus stable pH
conditions due to atmospheric inﬂuences cannot be expected within
this time frame but both effects inﬂuence pH for the full duration of
the measurement in Fig. 4b.
Under carbon dioxide control the medium is expected to follow the
trend seen for PBS even so this was not measured here. This would
mean, after an initially stable period, a shift towards acidic values can
be expected with approximately 0.02 per C charge passed as deducted
from a linear ﬁt to the data in Fig. 4a in the range 5–25 C. The camera
setup allows for analysis of the pH distribution over the complete sur-
face in the ﬁeld of view. No hotspots could be detected and also no
clear pH gradient over the 30mmcovered by the camera view. It should
bementioned that optimal imaging conditions only apply to the central
12 mm portion of the image.
3.4. Conductivity
Conductivity was measured by two electrode impedance spectro-
scopy in both PBS and cell culture medium and deduced from ﬁtting
the data with an equivalent circuit. The measurements showed that
there was only minor variations in conductivity over time and chargeFig. 4. pH variations with applied charge measured in a) PBS and b) cell culture medium. It sho
shift of the pH in culture medium towards basic values is expected. This is veriﬁed in c) showin
pass 10 C.(Fig. 5). There was a tendency for the conductivity to increase over
time and charge but there was also signiﬁcant variability in-between
measurements. In no case did the conductivity change more than
1 mS/cm over the 20 C applied. It should be noted that also without
stimulation the conductivity varied in a similar range.4. Discussion
The set of experiments performed here address electrochemical as-
pects that are important to consider in order to perform direct current
stimulation of cells under reproducible conditions. As basis for the in-
vestigations the standard protocol provided by Song et al. was used
with some alterations to improve geometrical reproducibility in accor-
dance with the suggestions presented by Sato et al. [14,21]. The dimen-
sions of the system (35 × 2 × 0.2 mm)were chosen to be representable
for the range of other systems used in the literature. Charge passed
through the system was used as main surveillance parameter.
To provide some ﬁgure of merit for the discussion, the accumulated
charge required to maintain the ﬁeld strength over time for various
system dimensions is outlined in Fig. 6. Because of its increasing pop-
ularity the geometrical dimensions of the two commercially avail-
able Ibidi systems were included for comparison next to the system
presented here. The required charge was calculated for maintaining
100 mV/mm as well as 300 mV/mm and assuming a medium conduc-
tivity of 13mS/cm. The majority of studies apply ﬁeld strengths slightly
exceeding the expected endogenous ﬁeld strength of 40–100 mV/mm
motivated by that an increased strength, around 300mV/mm, is report-
ed to give a stronger response [7,31,32]. Regarding time frames most
studies do not exceed 2 h. It is even reported that the response reaches
a maximum already after the ﬁrst hour and that detectable responses
can be seen within minutes [15,22]. It should however be mentioned
that there is clear interest in longer time frames and higher ﬁeld
strength, especially from the neurons and neural stem cellsuld be noted that measurements were performed under ambient atmosphere meaning a
g the variation in pHwhen no stimulation is applied. Between 2.5 to 3.5 h were needed to
Fig. 5. a) Conductivity (κ) drift with applied charge in the chamber when ﬁlled with PBS
(▲) and cell culture medium (□, ○, Δ). b) Conductivity drift in the chamber when no
charge is applied as measured in PBS (▲) and medium (□).
Fig. 6. Charge requirements for three different system dimensions: the Ibidi chamber of
height 0.4 mm (black —–) and 0.2 mm (red ——). Blue –x–x– represents the system
used in the current paper which is of the dimensions 2 × 0.2 mm (width/height).
Upper/lower limits show charge requirements for maintaining 300 mV/mm and
100 mV/mm respectively. Conductivity is set to 13 mS/cm corresponding to the
conductivity of cell culture medium.
47A. Schopf et al. / Bioelectrochemistry 109 (2016) 41–48community, e.g. Pan and Borgens (500mV/mm for 3–6 h), Meng et al.
(5 h, 500 mV/mm) and Sun et al. (1 h 700 mV/mm] [12,33,34].
From the silvermigrationmeasurements a design guideline of 1 cmof
agar bridge per transferred C could be deduced as sufﬁcient to,with some
safety margin, keep ionic silver separated from the cell culture chamber.
This would mean that agar bridges would rarely have to exceed a couple
of centimeters. Considering that the use of agar bridges exceeding ten
centimeters is fairly common this information is important, not just for
planning future microsystems design, but also to improve handling of
the standard experiment, for instancemaking it possible to ﬁt the full ex-
periment within a microscopy stage incubator. Furthermore, the toxicity
evaluation of the medium exposed to stimulation revealed that there
were no signiﬁcant negative effects on cell viability from the chemical
changes of the medium as a consequence of the stimulation as long as
the charge did not exceed values were silver can be expected to enter
the medium. In fact, this limit had to be substantially exceeded before
there was any apparent effect on cell viability. The ﬁrst sign of toxicity
was seen after 20–30 C had passed which would mean 15 C beyond the
recommended charge if complyingwith the 1 cm/C guideline. Two things
should however be kept in mind when interpreting this result: Firstly,
even in the absence of wide spread cell death, cell behavior can still be
signiﬁcantly inﬂuenced by the presence of a toxic substance. Secondly,
the experimental design here requires that several milliliters of mediumare exposed while the actual cell culture chamber has a liquid volume
closer to 10 μl. The concentration of by-products will therefore be 100
times higher in the actual channel. A smaller chamber in turn needs
less of charge to maintain the ﬁeld. Nevertheless, this is something that
needs to be calculated in each speciﬁc case.
To further validate themeasurements, a separate toxicity test was
performed, using silver standard concentrations added to cell culture
medium, in order to identify at which concentration a clear inﬂuence
on viability of the MAT-LyLu cell line could be expected. At 0.3 mg/l
there was no clear effect on cell viability, at 0.5 and 1 mg/l some neg-
ative tendencies could be seen, and at 5 mg/l, no viable cells could be
found in the samples. This correlates well with the data presented
here. From the toxicity analysis in Fig. 3 it can be seen that the ﬁrst
tendency of an effect on the number of viable cells comes after 30 C
of charge has passed. With the 5 cm agar bridges connected, the ex-
pected silver concentration in the medium would be expected to lie
in the range of 0.6 mg/l at this point (adjusting for the fact that the
silver analysis was performed in a volume of 6 ml whereas the toxic-
ity analysis only in 1 ml of sample). This strengthens the validity of
the concentration analysis based on the RDE method and the obser-
vation that silver can be present in the culture chamber long before
clear effects on cell viability can be observed.
Regarding pH, ourmeasurements show that there is a clear trend to-
wards more acidic pH with the charge applied to the system. If the var-
iation over time is of such signiﬁcance that it must be actively counter
acted is hard to say in general but is something that should be evaluated
with knowledge of the behavior of the speciﬁc cells and the charge
transfer needed in each case. For short term experiments, and at low
ﬁeld strengths, a cross ﬂow might not be needed. It is however highly
desirable that pH can be monitored directly in the chamber or, at
least, that ﬂuctuations can be characterized for a subset of each device
category. Allen et al. report that a shift from pH 6.2 to 5.8 completely
canceled out the directional effect in Keratocytes [15]. Based on our
measurements, this would be expected to occur earliest after the ﬁrst
20 C. More work is needed in order to investigate to which extent also
smaller pH variations inﬂuence the behavior and for which cell types
such effects are relevant. An important observation is that the technol-
ogy used here did not reveal any hotspots within the channel so at
least a homogenous pH distribution can be expected in the simple
case of a straight channel. It cannot be excluded that the surface of the
pH foil itself has an inﬂuence on the ﬂow characteristics in the channel.
48 A. Schopf et al. / Bioelectrochemistry 109 (2016) 41–48Thiswould indeed also be the case if the surfacewas changed to another
construction material.
Regarding conductivity, a change would inﬂuence the actual ﬁeld
strength experienced by the cells. Nevertheless, only minor changes in
conductivity could bemeasured and, even so some increase in conductiv-
ity could be seen over time, the overall variation over 20 C or 10 hwas not
substantial. In some measurements there was no signiﬁcant inﬂuence
over time and for others there was a clear trend. One reason for this dis-
crepancy could be that tiny air bubbles found their way into the channel,
something that could often be observed after many hours of run time. If
bubbles are present within the channel they will be interpreted as
lower conductivity at this time point which will counter act the elevated
conductivity that would be the expected result of the ionic current. The
maximum change measured was an increase of 1 mS/cm over 20 C of
charge which would lead to errors in ﬁeld strength of b10% and would
not require speciﬁc monitoring. Nevertheless, it could be of importance
to introduce conductivity measurements from the perspective that con-
ductivity is strongly temperature dependent. Bymeasurement of the con-
ductivity in cell culture medium in the range 12–39 °C, and a linear least
square ﬁt to the data, the temperature (T) dependence could be shown to
follow the relationship κT=0.3 ∗ T+7.5. As an example, the conductivity
of medium would vary from 11.1 mS/cm if measured at fridge tempera-
ture (12 °C), over 14.1 mS/cm at room temperature (22 °C) to 18.6 mS/
cm under cell culture conditions (37 °C). If the conductivity is measured
in the stored medium at 12 °C it would thus mean that the ﬁeld strength
is consequently miscalculated by a factor 1.7 for the actual cell culture.
Furthermore, it would not be advisable to use conductivities simply
based on data sheets but the actual conductivity of the medium should
be measured at least immediately prior to experiments.
5. Conclusion
We have characterized electrochemical side effects of DC stimula-
tion based on Ag:AgCl |agar systems in order to pin point if and how
such side effects should be monitored. Even so changes of pH and con-
ductivity could bemeasured, the overall variations induced by the stim-
ulation were minor. Surveillance or counter action would therefore not
be needed for experiments which do not exceed several hours. Thus,
current ﬂow can be used as surveillance parameter for monitoring
ﬁeld strength given that the geometry of the stimulation chamber is
known and that conductivity is measured in full culture medium at
the correct temperature. Furthermore, migration speed of silver in
agar was estimated resulting in that a design rule, to safely separate
ionic silver from cells, could be deduced to 1 cm agar per C of charge re-
quired. These results have implications for increasing precision in ex-
periments and for laying the foundation for futuremicrosystemsdesign.
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